Abstract: A rigours mathematical model based on the bivariate population balance frame work (the base of LLECMOD ''Liquid-Liquid Extraction Column Module'') for the steady state and dynamic simulation of pulsed liquid-liquid extraction columns is developed. The model simulates the coupled hydrodynamic and mass transfer for pulsed (packed and sieve plate) extraction columns. It is implemented using visual digital FORTRAN and then integrated into the LLECMOD program. Experimental validated correlations are used for the estimation of the droplet terminal velocity in extraction columns based on single and swarm droplet experiments in laboratory scale devices. Additionally, recently published correlations for turbulent energy dissipation, droplet breakage and coalescence frequencies are discussed as being used in this version of LLECMOD. In a case study, LLECMOD is used here to simulate the steady state performance of pulsed extraction columns with two chemical test systems recommended by the European Federation of Chemical Engineering (water-acetone-n-butyl acetate and water-acetone-toluene) and an industrial test system. Model predictions are successfully validated against steady state and transient experimental data, where good agreements are achieved. The simulated results (holdup, mean droplet diameter and mass transfer profiles) compared to the experimental data show that LLECMOD is a powerful simulation tool, which can efficiently predict the dynamic and steady state performance of pulsed extraction columns.
INTRODUCTION
Liquid-liquid extraction is an important separation process encountered in numerous chemical process industries [1, 2] . Very often it is performed in column extractors offering high throughputs with small footprint. Different types of liquid-liquid extraction columns are being used in chemical industries, which can be classified into two main categories: stirred and pulsed columns. The latter ones (with/without pulsation) are packed and sieve plate columns. Pulsed columns have the advantage of easy maintenance as all moving parts (pulsation equipment) are located outside the column shell. This pulsing action reduces droplet size of the dispersed phase independently of flow rates and improves the mass transfer. The most common type of pulsed columns, which particularly used in the nuclear industry is the pulsed sieve plate column. Packed columns are packed with commercially available (random or structured) packing materials, which ensure that the two phases are in intensive contact. Packed columns have no moving parts and are relatively simple to operate and best to use at low interfacial tension. To shed more light on the extraction behavior in the pulsed packed and sieve plate columns, the hydrodynamics as well as the mass transfer characteristics must be well understood. Our present knowledge of the design and performance of extraction columns is still far from satisfactory. The reason is mainly due to the complex behavior of the hydrodynamics and mass transfer [3] . It is obvious that the changes in the characteristics (interfacial tension, Sauter diameter, etc.) of the droplet population along the column have to be considered in order to describe conveniently the behavior of the column. The dispersed phase in the case of liquidliquid extraction undergoes formidable changes and loses its identity continuously as the droplets break and coalesce. Accordingly, detailed modeling on a discrete level is needed using the population balance equation as a mathematical framework. The multivariate non-equilibrium population balance models have emerged as an effective tool for the study of the complex coupled hydrodynamics and mass transfer in liquid-liquid extraction columns [4] . Unfortunately, the population balance modeling of extraction columns results in a set of integro-partial differential equations with no general analytical solution. Additionally, even the numerical solution of PBEs is still not efficiently developed, particularly when coupled hydrodynamics and mass transfer has to be considered. The main objective of this work is to develop a model that is capable to describe the dynamic and steady state behavior of pulsed packed and sieve tray extraction columns. The models of both columns are integrated into the existing program: LLECMOD [5, 6] , which can also simulate agitated extraction columns (RDC and Kühni). LLECMOD simulates steady state and dynamic behavior and takes into account the effect of dispersed phase inlet (light or heavy phase is dispersed) and the direction of mass transfer (from continuous to dispersed phase and vice versa) [7] . Therefore, scale-up studies and performance simulations of agitated and non-agitated extraction columns based on population balance modeling can thus be carried out successfully.
THE MATHEMATICAL MODEL
Simulating liquid-liquid extraction columns is a challenging task due to the discrete character of the dispersed phase. This is resulted from random breakage and coalescence of droplets processes, which are highly coupled to the mass transport of solutes between the two counter-flowing phases. Modeling of such complex transport phenomena is resolved by using a multivariate population balance equation. The population of droplets is modelled by a multivariate number concentration function, which takes into account the dynamic evolution of droplet size and solute concentrations. The understanding of liquid-liquid extraction columns dynamic behavior can be notably used in the design of process control strategy or the start-up and shutdown procedures [8] [9] [10] [11] . In attempting to model this dynamic behavior, one has to consider the macroscopic dispersed phase interactions (droplet breakage and coalescence) as well as the microscopic interaction (interphase mass transfer) occurring in the continuously turbulent flow field, which results in a distributed population of droplets. This population is distributed not only in the spatial domain of the contacting equipment, but also randomly distributed with respect to the droplet properties such as size, concentration and age. Several attempts have been done to propose the proper dynamic model for liquid-liquid extraction columns [10] [11] [12] [13] [14] [15] . The pseudohomogeneous models are too simple (by ignoring the discrete nature of the dispersed phase) to describe the particulate nature, where one of the liquid phases is normally dispersed as droplets in the second continuous phase [16] . Therefore, the influences of droplet movement, droplet interaction (breakage and coalescence), energy input (stirrer, pulsation) and mass transfer cannot be described satisfactorily. Several population balance models have been proposed by various authors. Garg and Pratt [17] have developed a population balance model for a pulsed sieve-plate extraction taking into account experimentally determined values for droplet breakage and coalescence. Casamatta and Vogelpohl [18] proposed a population balance model; Al Khani et al., [19] have applied this model for transient and steady state simulations of a pulsed sieve-plate extraction column. Milot et al. [20] have used the same basic model. A good review of which is presented by Gourdon et al., [21] . Recently, much work has been done using the population balance modeling in extraction columns [4] [5] [6] [21] [22] [23] [24] [25] .
Population Balance Model
In modeling liquid extraction columns, the dispersed phase should not be considered as a quasi-continuous fluid, which is contradictory to the poly-dispersed character of the drops. Due to the presence of the breakage and coalescence mechanisms, relatively wide droplet size distributions often exist in extraction columns. In the population balance model, the droplets can be distinguished by their sizes, which are parameterized over the diameter or volume, under the assumption that all the droplets are spherical. Accordingly, population balance modeling gives the possibilities to improve the simulation quality to optimize the operation of extraction equipment [4, 24, [26] [27] [28] [29] . The following integropartial differential equation represents the population balance equation (PBE): 
This source term is described in detail by Attarakih et al., [6] and is summarized below for the purpose of clear presentation of the population balance model in LLECMOD. The inflow of disperse phase is considered as a point source term at the level d z using the Dirac delta function ! . Thus the equation for the source term F S is written as:
Whereas:
where n F is the normalized number distribution density function for the inlet droplets. Whereas the source term for brekage S B and for coalescence S F are given in details by Attarakih et al., [6] .
Solution of the Population Balance Equation Using LLECMOD Program
To solve the PBE in the simulation program LLECMOD [5, 6] , the fixed-pivot technique [34] is extended to take into account solute transfer and external coordinate (column height) [5, 6] . In this way, the bivariate PBE with respect to droplet size and concentration is decoupled into two population balances: One takes into account the droplet hydrodynamics and the other one takes into account solute transfer. This decoupling idea is based on using the Quadrature Method of Moments (QMOM) (see Attarakih et al., [4] for the details). The resulting system of PBEs is an integropartial differential system for which no general analytical solution is known. For this reason, these equations are cast into a system of hyperbolic conservation laws with integral source term with droplet diameter and column height as two independent coordinates. Concerning the droplet diameter, the population of droplets is categorized into a set of independent particles to statistically represent the numerous number of droplets flowing inside the column. Primary particles with fixed sizes are used to sample the number concentration function with local properties such as droplet holdup and solute concentration. This is done by the help of the fixed-pivot technique, which uses a discrete decomposition of the droplet volume v into a finite number of grid points (primary particles) of size x i . This allows two of the major populations which mean properties (droplet volume and solute concentrations) to be tracked directly using a fixed particle sizes. A detailed description of the solution algorithms is presented in Attarakih et al., [4, 6] . The underlying idea begins by dividing the continuous droplet size into M x finite number of particles for which the ith-division is the local droplet holdup:
The global holdup of the dispersed phase can be calcu-
! . Thus, the integro-partial differential equations are replaced by a finite number of M x partial differential equations being coupled through the nonlinear convective and source term. These equations are then discretized using the finite volume method with first-order upwind scheme [4] . The semi-discrete form of the PBE describing droplet hydrodynamics is given by:
with i = 1,2,...M x , and l = 1,2,...L. In the above equation the column height is discretized into a finite number of spatial cells whose width is l z ! , which results in a system of ODEs
HYDRODYNAMICS

Droplet Velocity
The hydrodynamic behavior of droplets through their movement in a surrounding continuous phase is shown in Fig. (1) . Depending on the droplet diameter and droplet velocity four different velocity boundary of the droplets in the surrounding continuous phase can be distinguished. The first boundary of droplet diameters identifies small droplets with rigid phase boundaries, which have no internal circulation. These droplets are moving as rigid spheres. For larger diameter there are shear forces at the droplet surface, so that an internal circulation begins to occur. Due to the circulation of the droplets they move faster than rigid spheres. For even larger diameter the droplets lose their spherical shape at the same time the droplet begin to oscillate and with further increase of the droplet diameter the droplet deforms and finally breaks up. The velocity of the droplets decreases as a result of the increasing flow resistance [35] [36] [37] . The droplet velocity and the axial dispersion are the key parameters for calculating the drift term in the population balance. The average rising velocity ( , ) 
where, V r (z,d) describes the relative velocity of droplets with diameter d in a swarm influence, it is calculated by:
where m is a variable exponent, which reflects the local hydrodynamic conditions and is called swarm exponent.
The swarm exponent m takes slipstream effects into account. The swarm exponent as a function of the droplet Reynolds number; V r * (d) refers to the relative velocity of a sin- Fig. (1) . Terminal velocity as function of droplets diameter.
gle droplet in the column. The characteristic or free droplet rise velocity in an infinite medium is V t (d) . The relative velocity of the single droplet is the product of free droplet rising velocity and slowing factor K v :
The slowing factor takes into account the internal geometry of the column. A number of authors describe the suitability of velocity correlations for specific droplet size ranges or certain physical properties [26, [37] [38] [39] [40] . A selection of these velocity correlations has been implemented in simulation program.
Velocity Models
The LLECMOD simulation program allows the user to conduct the simulation with different approaches to calculate the free rise velocity of the droplets. The slowing factor v K depends on the selected column type and it is calculated internally in the program. The relative velocity is calculated for each droplet size in the program block user function of the active module and evaluated in the program solver part. The required data for free rising velocity calculation are available in the solver and will be passed when calling the SDVelm subroutine. In the Solver the droplet swarm velocity is calculated using the relative velocity of the droplets.
The model proposed by Henschke [37] for droplet velocity is calculated by combining the velocities of spherical, deformed, and oscillating droplets. The proposed model gives a continuous function over the whole diameter range. For spherical droplets or rigid bubbles the droplet velocity is given by:
The velocity of very large droplets or bubbles is investigated experimentally and describes both droplets and bubbles and given by:
with oscillating droplets the velocity is calculated by:
where the parameter a 15 is adjusted to measured values. The transition function describes the velocity over the transition region of oscillating to deformed drops: 
The author suggesting exponent α gr = 8. The droplet velocity for all states droplet can be specified by the following equation: 
The exponent α 15 describes the sharpness of the transition between sub-models α gr of Eq. (13) . Fig. (2) presents the input parameters for Henschke [37] velocity model and three parameters a 16 , a 15 and d um have to be adapted to measure values. Fig. (3) shows the input window for the constants of Fig. (2) . Parameters for the modeling of single droplet velocity [37] .
the Henschke [37] velocity model. The depicted coefficients are equivalent to those used in the calculation of the test system butyl acetate-water-acetone in a pulsed packed extraction column.
Influence of Internals (Packing and Sieve Plate)
In a column with internals the droplets rise slowly. The deceleration effects come from collisions with internals and from an extension of the droplet path. In practice, this effect is expressed by a slowing factor k v ; the ratio of droplet velocities with internals v char and without internals v ∞ . By definition, the value of slowing factor is between 0 and 1.
In the literature, there are several correlations for different geometries. In LLECMOD those equations have been implemented, which were validated for a wide range of parameters. For the description of the droplet motion in pulsed packed a correlations developed by Garthe [41] is applied.
Based on the analysis of experimental results Garthe [41] developed a new correlation for pulsed sieve plate column:
Through surrounding droplets the velocity of individual droplet is slowed. In LLECMOD different models are used for different types of internals. To calculate the swarm velocity in pulsed columns often purely empirical equations are used. The equation of Gaylor et al., [42] is applied, which assumed n to be a unity:
For packed columns Garthe [41] suggested an equation depending on droplet diameter and free rise velocity:
Droplet Breakage
Droplet Breakage in Pulsed Sieve Plate Column
To investigate the droplet breakage Haverland [43] has used an experimental setup, shown in Fig. (4) . The generated droplets first rising through a tube, when the rising droplets reach the sieve tray it is possibly to break up into multiple daughter drops. These daughter droplets rise to the large collecting funnel and an automatic droplet size measurements is supplied. The breakage behavior of a test system in a certain sieve tray can be characterized as shown in Fig. (5) . Droplets with diameters below the stable droplet diameter d stab do not split. The concept of stable droplet diameter describes a droplet that will not split even at arbitrarily long residence time in the column [43] . Large droplets with diameters above the d 100 -line are split to 100%. Between the d stab -line and the d 100 -line the breakage probability p S depends on the test system of physical prosperities, the droplet diameter d, the stable boundary diameter d stab , the terminal velocity V abs and the pulsation intensity af which increased from 0% to 100%. There are different effects depending on droplet diameter and pulsation that may lead to droplet breakage. Even without any internals and pulsation breakage occurs when a certain size is exceeded and the small droplets pass through the sieve holes without breakage. holes. With further increasing pulsation d stab < d L is achieved. According to Haverland [43] an area exists by in which the droplets are broken at the bridge between two holes. At very high pulsation intensities finally a point is reached at which the droplets will not probably be directed right on the sieve plate but split in the turbulence field near a perforated bottom.
Mean Number of Daughter Droplets Per Breakage
For the measurements of Haverland [43] the mean number of daughter droplets n Z was inter alia determined for each breakup. Here just the breakup of mother droplets was evaluated. These measurements thus give no statement about the breakage probability p S or the actual number of daughter droplets n Z . The work of Haverland [43] showed that only the mother droplets larger than the stable droplet diameter d stab , are divided into two or more daughter droplets. With increasing the mother droplets size and by increasing pulsation intensity the number of daughter droplets is increasing n z ! 20 ( ) . A simple empirical approach to calculate the mean number of daughter droplets is given by Henschke, [37] :
The adjustment parameter ! i resulted in the following:
Daughter Droplet Distribution
The daughter droplet distribution used to determine the number of daughter droplets which results from the breakage function of many mother drops. For pulsed sieve plate extraction column, Henschke's [37] approach is used to evaluate droplet size distribution. In this approach all parameters that influence the stable droplet diameter are considered. The breakage probability is the number of daughter droplets per breakage and daughter droplet distributions [37] .
Here, d stab is the stable droplet diameter, where below this diameter no more breakage occurred, which is calculated according to Henschke [37] as: is the stable droplet diameter as a result of combination of four different models of stable droplet diameter to take into considerations all the effects that might affect the droplet diameter, and
is the fifth model.
These models are described in detail in Henschke [37] .
Henschke (2004) Breakage Probability in Pulsed Sieve Plate Column
By knowing the mean number of daughter droplets per breakup event, it is not clear whether there is any the mother droplet breakup at all. It is known so far that only droplet with the diameter limit d stab has a breakage probability tending to zero, and that an area exists above a d 100 -line in which all the droplets are breakup. With these boundary conditions and the assumption that the breakage probability correlates with the mean number of daughter droplets z n , the breakage probability is given by Henschke [37] :
Fig. (4).
Experimental setup to investigate the breakage of single droplets [43] .
Fig. (5).
Characterization of the single droplet breakage in sieve trays [43] .
In the measurement of Haverland [43] the parameters ξ 6 and ξ 7 are adjustable parameters for the breakage probability Ps , in this case n Z is taking into calculation with the stable boundary diameter which is calculated using Henschke [37] model. Fig. (6) shows the breakage probabilities for different mother droplet diameter and pulsation intensities in pulsed sieve plate column. It is seen that the breakage probability of small mother droplet (d m = 2 mm) is relatively rising slowly with the pulsation intensity, while with the big mother droplets (d m = 5 mm) one is experiencing almost a jump-rise. This trend is also reproduced by the model correctly. However, clear deviations occur at the largest mother droplet diameter. Fig. (7) depicts the input window for the constants of the Henschke [37] breakage model for pulsed sieve plate column. The depicted coefficients are equivalent to those used in the calculation of the test system water-acetone-butyl acetate (w-a-b) in a sieve plate extraction column.
Garthe [41] Breakage Probability in Pulsed Sieve Plate Columns
The breakage of single droplets in pulsed sieve plate extraction columns depends on the geometry of the internals and the energy input. In pulsed sieve tray columns droplet breakage is basically governed by the size of the sieve tray holes and the pulsation intensity, see Haverland [43] and Wagner and Blaß [44] . The breakage probability in pulsed sieve tray compartments can be predicted by a simple correlation introduced by Haverland [43] :
Where
are the characteristic droplet diameters and C is a constant depending on the pulsation intensity. The disadvantage of this correlation is that the exponent C has to be determined for each individual pulsation intensity and that extrapolation to other pulsation intensities is difficult. To overcome this difficulty Garthe [41] has developed a new correlation based on the above equation as: 
where ! af is a dimensionless number taking into account the influence of the pulsation intensity on the breakage probability and is given by:
The new correlation describes the breakage in a sieve tray compartment with only one set of constant factors for a liquid-liquid system. The constant i C factors in Eq.(26) are listed in Table 1 . To predict the breakage probability in sieve tray compartments with Eq. (26), the characteristic droplet Fig. (6) . Droplets breakage probability as a function of pulsation intensity.
Fig. (7).
Input dialog for breakage Henschke [37] model in pulsed sieve plate columns. 
. Daughter Droplet Size Distribution
The daughter droplet size distribution used to determine the number of daughter droplets which results from the breakage function of many mother drops. For pulsed packed extraction column the daughter droplet distribution is assumed to follow the beta distribution function β(d,d'), which is given by Bahmanyar and Slater [45] , where ν is the average number of daughter droplets per breakage:
Henschke Breakage Probability in Pulsed Packed Column
The model of droplet breakage in structure packing columns based on the following idea: a droplet in the flow through the column from the bottom up to the edges or intersection points of the packing elements and its upward movement is stopped. Since the droplet usually is not exactly centred on the obstacle to form two different-sized parts, which at the moment are still connected via a liquid film. Since the two parts of the original droplet are usually on different sides of the packing sheet, they will continue their way through the column independently of each other and can be considered as new droplets after being split. In oblique serrated sheets of packages there are three places as a dispersing points: the lower plate, the packing crossing points and the hole edges in the case of cross-drilled, well-ordered packing. When the droplet enters a packing element it might coalesce with the plate bottom or breakup by it. The entire length of the edge as a possible place of breakage comes into question. It is not a discrete point in the cross section packing. Each packing intersection is a potential place of breakage. For a given test system, the droplet breakage depends on the geometry of the structure packing, pulsation intensity and the size of the mother droplet. In extraction, different types of packings can be used from various manufacturers. The packing type is characterized by geometric parameters the packing structure, the package volume-surface, the angle of the packing sheets or the pack channels, element height, the holes and other manufacturers' specific dimensions.
In the pulsed packed column, the maximum droplet velocity v max consists of two parts. The first relies on the characteristic velocity of the droplet relative to a stationary reference point in the column flow effects such as wall effects, swarm behavior or the packing themselves affect the relative motion. The second is caused by the maximum pulsation, thus it is:
Under the condition of mass conservation and constant density with the below parameters n TT , the relationship between daughter droplet size d TT and mother droplet d m is described as follows:
For a description of the parameter n TT the following approach was chosen:
With these relations an equation for the mother droplet diameter d m which is being split yet is obtained, and thus corresponds d stab , and d stab = d m . This equation can be solved iteratively [37] .
If the diameter of a droplet in the column is smaller than the stable droplet diameter d stab , then the breakage probability according to the definition given above is equal to zero. But if the diameter is larger than the stable droplet diameter then the all influencing factors which determine the droplet breakage are summarized in the so-called local breakage probability P S , that characterizes the droplet i in the current time interval.
The dependence of the breakage probability P S on the pulsation intensity and the droplet velocity can be specified only qualitatively. Basically, it is expected that at higher pulsation intensity a higher breakage probability occurs. This influence cannot be explained precisely and a linear increase of the breakage probability with the pulsation intensity and the relative velocity is assumed [46] :
The current droplets velocity v abs is recognized as depending on holdup and location of the droplet to pack against a stationary reference point. The influence of pulsation is determined by the average pulsation speed 2af, also the amount in the pulsation average velocity is recorded over a period. The relationship between the breakage probability P S and the mother droplet diameter d M in the light of the stable droplet diameter d stab is taken into consideration; the following correlation of Leu [46] can be used as the basis for the breakage probability:
The exponent a 1 is considered as a principle parameter. In the experimental adaptation a value of a 1 = 1.5 has proved to be useful. The proportionality factor k S is introduced to capture the influences of the chemical system used. Henschke [37] summarized all the parameters which might have influenced the local breakage probability P S and developed the following equation:
(36) The proportionality factor k S and the exponent a 1 can by fitted to the experimental data. The local breakage probability P S is given below for various locations within the column.
Slats edge:
The local breakage probability; P S,LUK at the lower slats edge [37] :
(37) Lamellae crossing point: The local breakage probability P S,LKP on the lamellae crossing points [37] :
( ) Fig. (8) depicts the input window for the constants of the Henschke [37] breakage model for pulsed packed column. The depicted coefficients are equivalent to those used in the calculation of the test system water-acetone-butyl acetate (wa-b) in a packed extraction column.
Garthe Breakage Probability in Pulsed Packed Columns
Leu 1995 has investigated the breakage of single droplets in a pulsed packed column. Packing with a high volumetric surface area possess more breakage opportunities and result in a higher breakage probability. Increasing the mother droplet diameter and the pulsation intensity causes an increase of the breakage probability. Also, the interfacial tension has large influence on the droplet breakage. For the same operating conditions the large difference in the breakage probabilities is explained by the significantly lower interfacial tension. Generally, the lower is the interfacial tension; the higher is the breakage probability. Garthe [41] showed that, due to the complex mechanisms that influence the breakage of single droplets in pulsed compartments, no general model could be developed to predict the characteristic droplet diameters d 100 & d stab together with the breakage probability.
However, the new correlation (see Eq. (26)) allows the determination of the breakage probability just from knowledge of the characteristic diameters. Therefore, the new correlation leads to a significant reduction of the experimental effort which is in the same form as for sieve tray column. To predict the breakage probability in Montz packing compartments with Eq. (26), the characteristic droplet diameters termined by a droplet with a breakage probability somewhere between 0 < P B ! 0.03 and the diameter 100 d is given by a droplet with a breakage probability somewhere between 0.97 < P B ! 1.00 . The data for the characteristic droplet diameters for Montz packing investigated are listed elsewhere [41] , the probability constants are summarized in Table 2 . Fig. (9) depicts the input window for the constants of the Garthe [41] breakage model for pulsed (packed and sieve plate columns). The depicted coefficients are equivalent to those used in the calculation of the test system wateracetone-toluene (w-a-t) in a pulsed packed extraction column.
Droplet Coalescence
Coalescence is the process by which two or more droplets or particles merged during contact to form a single daughter droplet (bubble) either (droplet-dropletcoalescence) or a droplet with its main phase (dropletinterfacial coalescence). For the droplet-droplet-coalescence as well as for the droplet-interfacial-coalescence the droplet Fig. (8) . Input dialog for Henschke [37] breakage model in pulsed packed column. Fig. (9) . Input dialog for Garthe [41] breakage model in pulsed (packed and sieve plate) columns.
coalescence process can be approximated in three steps: film drainage, film rupture and break down and then coalescence.
Coalescence in Pulsed Sieve Plates Columns
The modeling of coalescence is based on observations for droplet growth within a densely packed layer. There, the droplets grow by droplet-droplet coalescence of a Sauter diameter d 32,0 to a top diameter of d 32,e . The temporal variation of the Sauter diameter at any point within the densely packed layer may be specified with the droplet average life τ K by the correlation of Hartland and Vohra [47] :
This is affected by the liquid-liquid system characteristic physical properties and the Sauter diameter but is independent of individual droplet sizes. For the determination of the mean droplet diameter different correlations are given in the literature. The study of Smith and Davies [48] and Hozawa et al., [49] indicate that the droplet lifetime behaves approximately inversely proportional to the Sauter diameter. Henschke [50] shows that τ K~d32 1/3 . Therefore, the below correlation is for the determination of the mean droplets life time with Hamaker coefficient H cd [37] :
The asymmetry parameter r K + is dependent on the test system used. In this model, there is no dependence on the holdup or the droplet diameter taken into account. The asymmetry parameter r K + integrated within the constant ξ 8 . Henschke [37] takes into account the coalescence time behavior which is inversely proportional to the holdup. Therefore the model is expanded to:
The ξ 8 parameter is adapted to laboratory experiments. For the system toluene (d) and water (c) and a mass transfer from continuous phase to the dispersed phase then ξ 8 = 2500 according to [37] . Coalescence rate analysis and modeling has been paid greater attention. Many authors proposed phenomenological models based on the concept of collision frequency and coalescence efficiency, where the latter assumed to be a function of the two coalescing droplets. Thus, the coalescence model after Henschke [37] is modified to take into account the size of the two coalesce droplets [10] . In this work, the modified coalescence model is used in the simulation of both pulsed (packed and sieve plate) columns:
In this modified coalescence frequency
the droplet diameter, ! is the droplet volume, ! y is the dispersed phase holdup, ! is the mixture interfacial tension and H cd is the Hamaker constant, the value used in the simulation is 10e-20. The adjustable parameter ξ 8 was fitted to experimental data for the two standard EFCE test systems: water-acetone-toluene and water-acetone-butyl acetate and is given by Henschke [37] . The values for this parameter are 2500 and 1500 for the first and second system respectively. Adjusted constant c values used in fitting column hydrodynamics to the experimental data [41] are listed in Table 6 .
Coalescence in Pulsed Columns with Structure Packing
The determination of the coalescence in structured packings can be considered likewise as in the sieve plates. For the mass transfer direction from the continuous phase to the dispersed phase the coalescence plays only a minor role in the overall process being confirmed by Rohlfing [51] . Therefore, the coalescence is determined by the same equations as those described in Section 3.3.2. The constant ξ 8 in this turn is adapted to experimental data [52] .
Coalescence in Pulsed Columns with Random Packing
More detailed coalescence investigations were carried out by Klinger [52] . The equations for the coalescence probability using the results of the laboratory cell measurements are described below. For the determination of the coalescence operations in a packed column it is assumed that the coalescence takes place only in the area of the packing. This is due to that the droplets lose in this area a part of their velocity because of the packing, coalesce can be obtained with the subsequent droplets. For the coalescence probability P K must continue to apply: 0 ≤ P K ≤ 1. Klinger [52] developed an empirical approach; therefore, the coalescence probability can be determined as a function of droplet diameter d, holdup and coalescence constant C K , which reflects the influence of the physical properties:
The increase of holdup on the coalescence increases the probability. The influence of the droplet diameter on the coa- lescence is according to the following phenomena. The deformation of the boundary layer during the so-called film drainage varies for different droplet diameters. In addition, with increasing droplet diameter the rates of ascent and movement behavior are changing in the random packing. Table 3 shows the values for the coalescence constant C K for the test systems n-butyl acetate (d)-water (c), toluene (d)-water (c) and n-butanol (d) -water (c). Fig. (10) depicts the input window for the constants of the modified Henschke [37] coalescence model for pulsed (packed and sieve plate) column. The depicted coefficients are equivalent to those used in the simulation of the test system toluene wateracetone-toluene (w-a-t) in a pulsed packed extraction column.
Axial Dispersion
Under axial dispersion all microscopic and macroscopic mixing effects causing deviation from plug flow are summarized. The possible causes of these effects are the energy input by the pulsation or microscopic mixing as a result of turbulent flow around internals. The axial dispersion coefficient D ax has the same unit as the diffusion coefficient and all deviations from plug flow are summarized in this single coefficient:
The axial dispersion is dependent on the column type and LLECMOD is calculated for the continuous and the disperse phase (see Fig. 11 
MASS TRANSFER
Mass Transfer Coefficients
The overall mass transfer coefficients (dispersed K od and continuous K oc ) can be calculated from the individual mass transfer coefficients k c and k d . The individual mass transfer coefficients mainly depend on droplet size and flow conditions inside and outside the drop. In the LLECMOD simulation program different approaches to calculate the mass transfer coefficients for the droplets inside k d or k c outside droplets can be used. In addition to traditional approaches, such as Handlos and Baron [53] , Kumar and Hartland [54] and Newman [55] , more recent correlations or user-defined models are included.
Mass Transfer in Extraction Columns
In calculating the mass transfer in spherical particles without internal circulation certainly the standard reference is Newman [55] . For the time and space dependent, the droplets concentration profile y(r, t) is given in form: Fig. (10) . Input dialog for Henschke [37] modified coalescence model in pulsed (packed and sieve plate) columns. Userfunction   Fig. (11) . Internal program structure for calculating axial dispersion coefficients.
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The result was extended later to circulating droplets [56] . Thus the droplets mean concentration y(t) are calculated as:
F od is the Fourier number of the dispersed phase, D is the diffusion coefficient and t is the time. Instead of using series expansion for short or long periods the following approximations can also be used:
According to Kronig and Brink Eq. (46) 
To determine the mass transfer in this model the diffusion plays no role in F od in Eq. (46) . This approach has been criticized by several authors because of the missing physical basis. One reason is the interfacial instability that Handlos and Baron [53] have neglected the Marangoni effects. Marangoni effect was first observed in 1865, this effect is attributed to a change in surface tension. A generalization of the models for effective diffusion coefficient, which taken into account this instability, was proposed by Henschke and Pfennig [57] :
The instability parameter C IP is adapted to the measured values. To calculate the time-dependent mean droplet concentration D eff in Eq. (47) is used. A further generalization of Eq. (51) is given by:
The transition from rigid to circulating droplets is achieved by f 7 . The use of Eq. (51) 
Sieve Plate Geometry
The effect of sieve trays on the mass transfer of single droplets was previously studied by Henschke [37] and the proposed extension of the model was described in Eqs. (48), (49) and (51) . However, there have so far been other two effects caused by trays which are taken into account. On one hand the flow field below the perforated bottom is inhomogeneous. This is observable by a ''prancing" of the droplet below the sieve plate. On the other hand the passage of droplets through the sieve holes caused an internal mixing, which leads to a change in the concentration of the boundary layer. The first effect is taken into account in the modeling by an additional amplifier factor B un in Eq. (51):
During passage through the hole the droplet is deformed which depends on the ratio d/d L , leading to a mixing in the drops. For a complete mixing the entire mass transfer is predictable both below and above the perforated bottom with Eq. (46) . In an incomplete mixing no analytical solution exists. The concentration after passing through the hole is calculated from the concentration before passing through hole using a mixing parameter:
y n passes through front hole = !.y + 1 " ! ( )y n passes through front hole (56) In the numerical calculations, the droplet volume is divided into N elements, each with a radius r n . The mass flow passing from element to element can be calculated over each time interval at a time t, according to Eq.(57).
The calculation of the new concentrations of the elements is in accordance with Eq. (58):
For the numerical calculations the time interval Δt and the number of elements N are given. The values of C IP , B UN and Ω which must be specified in the model, as a result from a fit to the measured values. The empirical dependencies of these parameters are given by:
B un = 1.582
They are based on results for a series of sieves with different geometries. In the development of the two above equations a better description of the real physical behavior is taken into consideration. The term ! a 20 in the denominator takes into account the increasing inhomogeneity of the flow with decreasing the relative opening area. Nevertheless, to allow a rough column simulation, a simplified mass transfer model with Ω = 0 (no mixing within the drops) is introduced:
The simple relationship B un = 1/Φ a20 is used. The two remaining parameters for C IP and a 20 are determined for water-acetone-toluene (w-a-t) system to be C IP =5527 and a 20 = 0.734, while for the system water-acetone-butyl acetate (w-ab) C IP = 4361 and a 20 = 0.329 [37] .
Structured Packing Geometry
The same mass transfer model used for pulsed columns with sieve plate is applied for columns with structured packing.
The hydrodynamic parameters like droplet velocity, axial back mixing, coalescence and breakage characterize the flow and mass transfer influence in addition to the description of the separation and column efficiency. The required relations for the prediction can be obtained either by experiment or from the available literature. The available correlations, identified by their sources or authors are listed in Table 4 . (z) and droplet size distribution along the column height. The abrupt change of any of that input variables can be specified in the form of one or two step functions or as exponential function. Also, a Dirac pulse function can be created with a sudden change and an immediate equal counter-action. Fig. (12) shows the algorithm for the calculation of time dependent input variables. A run of the solution algorithm is associated with a time step. The current time step is the criterion for changing the input variables for the next time step. The time of change for each input variable can be used -Slater [67, 68] -Henschke [37] -User defined- Model   Fig. (12) . Internal program structure for transient analysis.
TRANSIENT ANALYSIS
Fig. (13). Input mask for transient analysis (I).
freely. The rate of change can take place in one or two steps. In the input screen there is a possibility to select single or multi-step-selected response. Fig. (13) shows the dialog box to select the number of changes or to change the values. The simulation parameters from the beginning of the simulation up to the time step of the changes correspond to the input in the implementation of non-transient analysis. The confirmation of the input leads to a second input mask, which is shown in Fig. (13) . Here the time step is initialized, from which the change in the predetermined input variables start to take effect. In addition to the time step, the value of the changing size for the appropriate time step is entered. In the dialog box which is shown in Fig.  (14) , three choices are available for the transient simulation. The first one is a step function, the second one is the multistep function and the third one is the exponential function. The latter is given by:
The coefficients a 1 , a 2 , t 1 , t 2 and y o are determined by fitting the experiential data to this function Eq. (62).
RESULTS
The simulation of the sieve plate and packed extraction columns are carried out using the modified version of LLECMOD with the recently added correlations for mass transfer, droplet velocity as well as the breakage and coalescence frequencies that can be selected via the general user interface input window for LLECMOD (see Fig. 15 ). The simulation can be carried out for any desired column type (packed, sieve plate, Kühni and Rotating Disk Contactor). Also, this figure shows all the input parameter necessary for the simulation and the column geometry used, which is given in Table 5 . The two recommended EFCE test systems, namely water-acetone-toluene (w-a-t) and water-acetonebutyl acetate (w-a-b) and an industrial test system have been used in the simulation for pulsed packed and sieve plate extraction columns. All the simulations were carried out under the conditions of mass transfer direction from the continuous to the dispersed phase. The continuous phase volumetric flow rate (Q c ) = 40 l/hr and the dispersed phase volumetric flow rate (Q d ) = 48 l/hr. The inlet feed distribution is considered as normal feed distribution. All the experimental data for the EFCE test systems are from Garthe [41] . Garthe [41] investigated the fluiddynamics and mass transfer behavior of droplet swarms in the pulsed extractor as illustrated in Fig.  (16) . Pulsed experiments were carried out in the extractor with different types of column internals such as sieve trays and structured packings. The size distribution of the drops was measured at three positions within the active part of the column by photoelectrical suction probes [41] . The holdup within the active part of the column was determined using two slide valves [41] . The concentration of the solute in the continuous and the dispersed phase was determined at the phase inlets and outlets as well as at three positions within the column [41] . The following recently implemented models and correlations are used in the simulation: The velocity model is Henschke [37] , where the model parameters used in the simulations are given in Table 6 . The breakage frequency model is after Garthe [41] and the model parameters used in the simu- lations are given in Tables 1 and 2 . The coalescence frequency model is Henschke [37] model and the correspondence parameters used in the simulations are given in Tables  3 and 6 . The mass transfer model is after Henschke [37] . The model parameters used in the simulations are given in Table  6 . These correlations and models were found the best for the simulation of pulsed (packed and sieve plate) extraction columns. These models and correlations cover a wide range of operating conditions and physical properties of test system varies from the low interfacial tension test systems to the high interfacial tension test systems. However, the other correlations given in literature are very limited to special cases of operating conditions and the physical properties. Fig. (17) shows the LLECMOD input dialogue for pulsed packed column, like pulsation intensity and the packing's internal geometry, which are documented in Table 2 , Table 7 and Table 8 . 
Pulsed Packed Columns
The Water-acetone-butyl Acetate Test System
Fig. (21) shows the comparison between the simulated and experimental Sauter mean diameter profiles for the pulsed packed column; the discrepancy of the simulated experimental results from those obtained in the experiment is almost negligible. Fig. (22) depicts the holdup profile of the disperse phase for the pulsed packed column compared to the experimental results from those obtained in the experi- Fig. (17) . Input dialogue for pulsed packed column internal geometry. Fig. (18) . Simulated mean droplet diameter compared to the experimental results [41] in pulsed packed column.
Fig. (19).
Simulated holdup compared to the experimental results [41] in pulsed packed column.
ment, a good agreement was achieved. Fig. (23) shows the concentration profile for both phases along the pulsed packed column height. Comparison between the experimental and calculated concentration profiles over the total column-height shows a good agreement.
Industrial Test System: Hydrodynamics and Mass Transfer Simulation Results
The simulation program LLECMOD has validated with a pulsed packed column in an industrial environment. The physical properties of the industrial test system are given in Table 9 . The extraction factor was 0.8963 and extraction efficiency of 95 % was required. Fig. (24) gives the evaluation of the simulated hydrodynamics profiles (Sauter mean diameter and holdup) along the column height for the industrial test system in a pulsed packed column. Fig. (25) shows the concentration profile for both phases along the column height in a pulsed packed column. Comparison between the experimental and calculated concentration profiles over the total column-height shows a good agreement.
Pulsed Sieve Plate Column
Tables 1, 10 and 11 give the system parameters for sieve plate column. In Table 10 are the geometrical data of used internals of the sieve plate, which is installed inside the active part of the columns and used in the simulation. Fig. (26) depicts the LLECMOD input frame of the internal geometry of pulsed sieve plate column. Fig. (20) . Simulated concentration profiles in both phases compared to the experimental results [41] in pulsed packed column.
Fig. (21).
Simulated mean droplet diameter compared to the experimental results [41] in pulsed packed column.
Fig. (22).
Fig. (23).
Simulated concentration profiles in both phases compared to the experimental results [41] in pulsed packed column.
The Water-acetone-toluene Test System
Fig. (27) draws the comparison between the simulated and experimental Sauter mean diameter profiles for the sieve plate column; a relatively good agreement was achieved. Fig.  (28) shows the holdup profile of the disperse phase in a pulsed sieve plate column compared to the experimental results from those obtained in the experiment, again good agreement was achieved. Fig. (29) depicts the simulated and experimental solute concentration profiles in the continuous and dispersed phases along the pulsed sieve plate column height. The relative error is less than 5%.
The Water-acetone-butyl Acetate Test System
Fig. (30) shows the comparison between the simulated and experimental Sauter mean diameter profiles for the sieve plate column; the discrepancy of the simulated experimental results from those obtained in the experiment is almost negligible except at the outlet of the column. Fig. (31) depicts the holdup profile of the dispersed phase in a pulsed sieve plate column compared to the experimental results from those obtained in the experiment, a good agreement was achieved. Fig. (32) depicts the simulated and experimental solute concentration profiles in both phases along the pulsed
Dynamics Results
Water-acetone-toluene System
The transient analysis of columns allows the study of the effect of disturbances or specific changes in the operating conditions on the column behavior. The results for the dynamic behavior of a pulsed packed extraction column for an abrupt change of the flow rate of disperse phase and its effect on holdup is studied here for water-acetone-toluene (wa-t) test system. The initial volumetric flow rate is 48 l/h for disperse phase at a time of 750 sec after reaching a steadystate operation; the inflow of the disperse phase is increased to 68 l/h as shown in Fig. (33) . However, Fig. (34) shows the Fig. (24) . Simulated holdup and mean droplet diameter profiles in industrial pulsed packed column. Height of compartment (hst) 100 (mm) Fig. (26) . Input dialogue for pulsed sieve plate column internal geometry.
dynamic response of the holdup dispersed phase profile due to a step change of the volumetric flow rate from 48 l/h to 68 l/h which is reflected in an increase in holdup immediately after the time of the change in the simulation at 750 sec. Fig. (35) depicts the validation of LLECMOD transient simulation, the simulation transient results compared to the experimental data. The simulation results agree with the experimental data fairly well. The test system used here is water-methyl isobutyl ketone (w-MIBK); the physical proper- Fig. (27) . Simulated mean droplet diameter compared to the experimental results [41] in pulsed sieve plate column. Fig. (28) . Simulated holdup compared to the experimental results [41] in pulsed sieve plate column. Fig. (29) . Simulated concentration profiles in both phases compared to the experimental results [41] in pulsed sieve plate column. Fig. (30) . Simulated mean droplet diameter compared to the experimental results [41] in pulsed sieve plate column. Fig. (31) . Simulated holdup compared to the experimental results [41] in pulsed sieve plate column. Fig. (32) . Simulated concentration profiles in both phases compared to the experimental results [41] in pulsed sieve plate column.
Water-methyl Isobutyl Ketone System
ties of the test system are given in Table 12 . This figure shows the dynamic evolution of dispersed phase holdup due to a positive step change in the dispersed phase volumetric flow rate. The operating conditions and the column geometry used in this dynamic simulation are given in Tables 13 and  14 respectively.
CONCLUSIONS
In this work two pulsed extraction column modules (namely: pulsed packed and pulsed sieve plate column) are integrated into the LLECMOD program for the simulation of coupled hydrodynamics and mass transfer for liquid-liquid extraction columns. The user-friendly input dialogs and the user functions input modules make the program very general and simple to use. The LLECMOD non-equilibrium bivariate (in solute concentration and droplet diameter) population balance model is found capable of simulating new types of extraction columns; namely, pulsed and un-pulsed (packed and sieve tray) columns in addition to the stirred ones (Kühni & RDC types). The steady state column hydrodynamics can be efficiently predicted by using the correlations discussed, the values of the parameters in these correlations are available in the literature for the standard test systems. However, for technical systems the steady state column hydrodynamics can be efficiently predicted by only adjusting few parameters in the droplet coalescence model, in the breakage model, droplet velocity and in mass transfer model. The parameters can be obtained from available experimental data, small labscale experiments or default values of LLECMOD can be used. The steady state performance of pulsed (sieve plate and packed) extraction column are studied using a detailed population balance framework as an alternative to the commonly applied dispersion and backmixing models. The simulated holdup, mean droplet diameter and the mass transfer profiles for both test systems (t-a-w & b-a-w) in pulsed (packed and sieve plate) extraction columns has extensively verified with EFCE test systems with very good agreement. Moreover, LLECMOD was successfully validated against industrial extraction column data and even transient analysis gave no problems. In general, LLECMOD provides a useful tool for the scale up and simulation of agitated liquid extraction columns considering a more realistic conception of the dispersed phase discrete nature.
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